A number of mechanisms have been proposed for the penetration of laminates comprising ultra-high molecular weight polyethylene (UHMWPE) fibres in a polymeric matrix. Two-dimensional ballistic experiments are conducted in order to directly observe the transient deformation and failure processes occurring immediately under the projectile via high-speed photography. Two sets of experiments were conducted on [0°/90°]n laminate beams. First, back-supported and free-standing beams were impacted by cuboidal projectiles of varying mass and fixed geometry. The observations indicate that in both cases, failure occurs in a progressive manner, with plies first failing immediately under the impact zone. The dynamic failure mode is qualitatively similar to that in a quasi-static indentation tests, and attributed to tensile ply failure by the generation of indirect tension within the plies. Direct membrane stretching is ruled out as failure that occurred with negligible beam deflection. In the second set of experiments, the projectile mass was kept constant and its width varied. No dependence of the projectile width was observed in either quasi-static indentation or dynamic penetration tests. This strongly suggests that failure is not governed by a shear process at the edge of the projectile. The observations presented here therefore suggest that tensile ply failure by indirect tension rather than membrane stretching or shear failure at the edges of the projectile is the dominant penetration mechanism in UHMWPE laminates.
Introduction
Ultra-high molecular weight polyethylene (UHMWPE) fibre is one of the highest specific strength materials available today [1, 2] . These materials are used to make ropes, sails, tear and cut resistant fabrics, as well as in ballistic impact protection systems. For ballistic applications, 10-20 μm diameter fibres are combined with thermoplastic polymer matrices to form thin (~50 μm thick) unidirectional plies containing~85% by volume fibres in a polymer matrix. Examples include Dyneema ® (the commercial name for UHMWPE composites manufactured by DSM 1 ) and Spectra made by Honeywell. 2 These unidirectional plies are typically combined to form a [0°/90°] cross-ply laminate that is now extensively used in ballistic protection applications.
A range of mechanisms has been proposed for the penetration/ failure of fibre composite beams and plates impacted by a nominally rigid projectile. These include ( Fig. 1 ): (i) tensile stretching failure in a string-like mode as first modelled by Phoenix and Porwal [3] and used to rationalise the Cunniff [4] scaling relationship; (ii) shearoff resulting in the formation of a plug [5] ; and (iii) tensile fibre failure by the generation of indirect tension due to the compressive loading under the projectile [6, 7] . A Hertzian cone-crack type fracture mechanism under the projectile as observed by Karthikeyan et al. [2] in the context of fibre composites with high strength matrices such as conventional CFRP composites (and many ceramic materials) has to-date not been reported for Dyneema ® or the very similar Spectra composites. A number of investigations [8] [9] [10] [11] have argued that the ratio of the thickness of laminate to the width of the projectile dictates the operative mechanism in a given setting.
A number of studies have been conducted to measure the static [12] [13] [14] and dynamic response [2, [15] [16] [17] of UHMWPE fibres and composites. For example, Russell et al. [12] have observed that UHMWPE composites have tensile strengths of a few GPa but a shear strength of only a few MPa. Moreover, they found that the tensile strength of UHMWPE fibres displays nearly no strain rate dependence for strain rates up to 10 3 1 s − . Similarly, continuum models too have been proposed [18, 19] to enable the modelling of penetration resistance of UHMWPE composites. While some penetration calculations have had some success in making quantitative predictions of the ballistic response [10] , they have been unable to reproduce the progressive failure processes reported by Karthikeyan et al. [2] .
A range of experimental studies to investigate the penetration mechanisms of UHMWPE fibre laminates has also been recently conducted [16, 17, [20] [21] [22] . These investigations have primarily focused on the ballistic resistance of plates. While high-speed photography enables the visualization of the transient deformation of these plates, the geometry of the experiment prohibits direct imaging of the dynamic deformation and failure processes at the critical locations, i.e. immediately under the projectile. Thus, these studies have relied on post-test characterization to infer the dynamic failure mechanisms. This leaves a number of uncertainties as the different failure modes ( Fig. 1 ) cannot be definitely distinguished by posttest evaluations.
The aim of this study is to provide direct transient experimental observations and measurements to establish the failure and penetration mechanisms in composites comprising ultra-high molecular weight polyethylene fibres. The outline of the study is as follows. First we describe the experimental protocol to conduct "twodimensional" ballistic experiments on beams so as to directly observe the region immediately under the impact site. Next we discuss the experimental observations to quantify the effect of (a) the boundary conditions of the beams; (b) the mass of the projectile; and (c) the projectile geometry. These observations are used to infer the penetration mechanisms for impact velocities up to 650 ms −1 .
Experimental protocol
The UHMWPE laminate used in this study was a commercial grade denoted HB26 by the manufacturer DSM Dyneema ® . The laminate comprises plies orientated in an alternating [0°/90°] stacking sequence, with a ply thickness of 60 μm. Each ply is made up of 83% by volume of SK76 fibres in a polyetherdiol-aliphatic diisocyanate polyurethane (PADP) matrix. A detailed description of the process used to manufacture the composite is given in References 12 and 23. Briefly, the steps are as follows:
(1) The UHMWPE fibres are produced by gel spinning followed by hot drawing. Dissolved UHMWPE stock material is drawn through a fine spinneret to produce filaments which are quenched to form a gel-fibre. These fibres are drawn to form a highly aligned fibre with a diameter of approximately 17 μm. sheets. The sheets are dried to remove the matrix solvent and stacked to produce a laminate of the required areal density.
(3) The laminate is hot pressed and the matrix part melts to bond the plies together, resulting in a plate with a density of 970 kg m −3 (these details are proprietary to DSM).
HB26 laminate material was supplied as 300 mm × 300 mm × 12.4 mm thick sheets by DSM Dyneema ® . These were then cut into strips of length L = 300 mm and breadth b = 12 4 . mm (and thickness t b equal to the sheet thickness) with a medium-fine bladed band-saw. Due to the low shear strength and consequent ease with which the material delaminates, cutting required the laminates to first be sandwiched between two stiff plates (typically plywood). This confinement prevented delamination and resulted in a high quality finish with little discernible damage to the specimen edges. The 300 mm beam length was selected to allow fibre fracture to occur before the propagating stress waves reached the ends of the beam.
Experimental setup
A key aim of this investigation was to visualise the penetration process and especially the failure processes immediately under the projectile during an impact event. To achieve this aim, we designed two-dimensional (2D) experiments in which projectiles of rectangular cross-section impacted a beam as sketched in Fig. 2a . The breadth b of the projectile and beam was equal so that the experiment could be considered 2D, and the deformation and failure processes under the projectile visualised by imaging of the side edge of the beam is shown in Fig. 2b .
The projectiles were launched using a previously described gas gun apparatus [2] . However, most gas gun setups have cylindrical barrels and launch cylindrical projectiles. Cubical projectiles as required in this study could be launched using a sabot in a cylindrical barrel but here we instead chose to use an aluminium barrel with a square cross-section as sketched in Fig. 2a in order to reduce the yaw, roll and (importantly) spin of the projectile about its longitudinal axis. The planarity of the impact of the cuboidal projectile was confirmed by impact against a direct impact Hopkinson bar during calibration of the setup. The beams were tested using two boundary support configurations:
(1) In the "back-supported" configuration (Fig. 2b) , the beam was adhered to a nominally rigid steel backing plate of thickness 45 mm using double-sided adhesive tape. (2) In the "free-standing" configuration (Fig. 2b) , the beam had a free span of 250 mm, and a 25 mm length at each end of the beam was adhered to a rigid steel foundation using double-sided adhesive tape.
Hardened silver steel (800 Vickers) projectiles impacted the beams centrally and normally (with zero obliquity) in all cases. Two types of projectile designs were used to investigate the effect of (a) projectile mass and (b) projectile impact face dimensions. In the study of the effect of projectile mass, the projectile cross-section was kept fixed at w b = =12 4 . mm as shown in Fig. 3a and the projectile mass m p was varied between 22.2 g and 6.4 g by changing the length of the projectile. A 0.5 mm chamfer was included on the impact face of all projectiles as shown in Fig. 3a in order to reduce the stress concentration at the edges of the projectile. For the two lowest masses of 9.1 g and 6.4 g, a 10 mm long Nylon stabiliser was glued to the rear of the steel projectile to ensure that the projectile did not change pitch (yaw) upon exit from the gun barrel. The mass of the stabiliser is included in the total mass of the projectiles listed in Fig. 3a . In order to study the effect of the projectile impact surface dimensions, projectiles as sketched in Fig. 3b and of mass m p = 22 2 . g were machined from the hardened silver steel. In all cases, the depth was kept fixed and equal to that of the beam, i.e. b = 12 4 . mm, while the width w varied between 3 mm and 12 mm. The length of the rear section of the projectile was varied in order to retain a projectile mass of 22.2 g.
Measurement protocols
Projectiles impacted the beams at velocities v 0 in the range 50 ms . The stand-off between the end of the square gun barrel to the target was about 70 mm. Velocities were measured near the exit of the barrel via a series of laser gates; see Fig. 2a . The first gate was also used to trigger a model v1611 Phantom high-speed camera and flash system. Images were recorded with inter-frame times between 2.17 μs and 7.3 μs, and exposure time of 0.4 μs. These images were used to infer the temporal evolution of the back face deflections of the free-standing beams and the displacements of the projectiles in addition to visualising the failure process near the impact site.
In addition to these dynamic diagnostics, two types of analyses were also performed on the as-tested beams:
(1) Measurement of cut fraction Dyneema ® laminates are known to fail in a progressive manner with an increasing number of plies failing (as measured from the impacted end) with increasing projectile velocity until all plies have failed at the ballistic limit. In order to accurately measure the fraction of the plies that have failed (known as the cut fraction f ), a small black triangle with a base of s = 10 mm at the rear end of the beam and the apex at the In that analysis we assume that there is no permanent deformation of the uncut plies (consistent with measurements of Russell et al. [12] which showed that the SK76 fibres display an elastic/brittle response at strain rates in excess of about 1 1 s − ) and that the apex of the stencilled triangle is at the centre of the impacted surface. (2) X-ray tomography
The as-tested beams were imaged using an X-ray computed tomography scanner (X-Tek 160 kV CT scanner) with scanning beam parameters of 40 kV and 80 μA. Stacks of images were then generated, representing slices of the specimen at approximately 0.5 mm intervals.
Effect of projectile mass
We proceed to detail the observations from the 2D impact experiments with projectiles sketched in Fig. 3a while focussing on determining the mechanisms of projectile penetration.
Back-supported beams
A montage of high-speed photographs showing the deformation of the beam immediately under the projectile is shown in Fig. 5a and b for the 6. . mm beam. This transit time is estimated to be ≈ 5 μs from the images in Fig. 5 though there is considerable uncertainty associated with this measurement. To within the accuracy of the measurement the deduced shock wave speed was about 2500 1 ms − . For both cases shown in Fig. 5 , failure is seen to initiate at the contact surface between the projectile and beam. This failure then progresses further through the beam thickness, though the view of this process is later impeded by ejected debris.
The variation of the fraction of plies f cut by the projectile as a function of the projectile velocity v o is plotted in Fig. 7a V c at which the first failure of plies is observed such that f = + 0 , and the minimum velocity at which all plies have failed with f = 1, denoted as the penetration velocity V p . The cut fraction f rises smoothly from 0 to 1 as v 0 is increased from V c to V p with both V c and V p increasing with decreasing m p .
O'Masta et al. [22] performed spherical projectile impact studies against UHMWPE cross-ply plates, and were therefore unable to perform the direct observations of the mechanisms reported here. Nevertheless, they suggested that a simple energy balance based on a quasi-static penetration measurement might suffice to predict the f versus v 0 relation. In order to test this hypothesis, we performed a quasi-static penetration test using an indenter of crosssectional dimensions identical to the projectiles as sketched in the inset of Fig. 8 . The beam was again placed on a nominally rigid foundation and the applied load P measured via the load cell of the test machine and the displacement δ of the indenter measured via a laser extensometer. This measured P versus δ curve is plotted in Fig. 8 . After an initial approximately linear increase in P with increasing δ , a peak load is attained at δ c ≈ 2 5
. mm. This peak load corresponds to the instant when plies are immediately in contact with the indenter fracture as discussed by Scott [8] . Subsequently, continued penetration occurs by a series of discrete ply failure events which result in the saw-tooth type P versus δ response seen in Fig. 8 .
A montage of photographs showing the deformation of the beam immediately under the indenter is included in Fig. 9a and shows the progressive failure process under the indenter. Each load peak in Fig. 8 corresponds to a ply failure event where plies immediately in contact with the indenter fail in tension by the indirect tension mechanism proposed by Attwood et al. [7] . These failed plies then recoil back to let the indenter through. The mechanism by which this indirect tension fracture occurs under the indenter is illustrated in the sketch in Fig.9b .
A comparison of the quasi-static images in Fig. 9a with the highspeed images in Fig. 5 suggests a similarity in the deformation/ failure mechanisms, i.e. ply failure under both static and dynamic loading is via the indirect tension failure mechanism. Given this similarity in the failure modes, a simple model for the cut fraction in the dynamic tests can be proposed via an energy balance of the form Recall that in the quasi-static indentation test, ply fracture on the rear surface was never observed. In the dynamic tests, ply fracture occurs on the rear surface due to the compressive stress enhancement that occurs as the shock wave that initiates from the projectile impact (and propagates to the rear face), reflects from the rigid foundation. This mechanism is of course not present in the quasi-static tests and the model associated with Eqs. (3.1) and (3.2) . Therefore, the model overpredicts V p as it does not account for the ply failure at the rear surface that becomes increasingly important with increasing impact velocity.
Free-standing beams
The most commonly accepted view of failure of Dyneema ® or Spectra beams/plates is via a membrane stretching mechanism as proposed by Phoenix and Porwal [3] and used to rationalise the Cunniff [4] scaling. This mechanism is sketched in Fig. 12 and involves two key processes: (i) upon impact of the projectile, a longitudinal elastic wave propagates outward at a speed c L ; and (ii) this longitudinal wave is followed by a slower wave travelling at c p and marks the edge of the expanding portion of the beam that has deflected. Tensile strains build up in the portion of the beam engulfed by the longitudinal wave, with the maximum tensile strain occurring in the section immediately under the projectile. The beam fails when the strain reaches the material failure strain and therefore failure is a binary event, with either failure of the complete beam cross-section or all plies remain intact. Fig. 13a and b , respectively, via a series of highspeed photographs at different levels of magnification similar to those in Fig. 5 (here the images at the different magnifications are from different tests). The deformation/failure process as identified from these images differs from the Phoenix and Porwal [3] mechanism summarised above in the following respect. Phoenix and Porwal [3] assume that initial elastic deformation occurs in a membrane mode with a spatially uniform tensile strain being generated across the beam cross-section. Thus, failure of the beam must be a binary event with all or no plies failing. In contrast, it is clear from Fig. 13 that failure occurs in a progressive manner similar to the back-supported case with the propagation of the darkened region (associated with failed plies). Here, plies in contact with the projectile failed first, and this failure front then propagated through the beam thickness. This is a brittle failure mechanism and the propagation of this brittle failure front (with failure due to indirect tension) is similar to that observed during cavity expansion with micro-cracking etc. [24, 25] . The distance the failure front propagates through the beam thickness increases with increasing v o . Importantly, it is clear that plies fail very early in the deformation history when the beam deflection is much smaller than its thickness, clearly showing that failure is not occurring in a membrane or string-like mode. The temporal evolution of the displacements of the projectile (which behaves as a nominally rigid body) and the maximum deflection of the rear face of the beam for the two cases in Fig. 13 are plotted in Fig. 14 . Recall from Fig. 5 that it takes approximately 5 μs for the wave emanating from the projectile/beam interface to reach the rear face of the beam and thus the back face deflection of the beam only initiates after this initial transient. Subsequently, the displacement rates of the projectile and back face of the beam are nearly equal for both cases. The difference in the displacements of the back face of the beam and the projectile is equal to the penetration of the projectile into the beam. Thus, the data in Fig. 14 suggest that the majority of the penetration occurs within the first 5 μs after impact, with the beam and projectile moving together subsequently.
The cut fraction f of the free-standing beams is plotted in Fig. 15 as a function of the impact velocity v o for three projectile masses m p . Again, both V c and V p increase with decreasing m p , though unlike the back-supported case (Fig. 7a) , the results in Fig. 15 suggest that the v f o − curves are reasonably independent of m p for m p ≥ 16 6 . g . It is worth emphasising here that while penetration of the beam occurs in both the back-supported and free-standing cases by the indirect tension mechanism, no ply failure at the rear surface is observed in the free-standing case. This is because the compressive stress wave reflects as a tensile wave from the free rear face of the free-standing beams and hence does not generate the compressive stresses required to activate the indirect tension mechanism at the rear face.
Comparison between back-supported and free-standing beams
The measurements of V c and V p as a function of the projectile mass m p are included in Fig. 16 for both the back-supported and free-standing beam cases. Two key features are evident from this summary: (i) for a given m p , both V c and V p are higher for the free-standing beam case compared to the back-supported case; and (ii) V c and V p are more sensitive to m p in the back-supported case, with these critical velocities becoming nearly independent of m p for m p ≥ 16 6 . g in the free-standing beam case. To rationalise observation (i), note that the interfacial pressure between the projectile and beam generates the stress required to trigger the indirect tension failure mechanism. This pressure is set by the relative velocity between the projectile and the beam, with a higher relative velocity giving rise to a higher pressure. The relative velocity between the beam and the projectile in the backsupported case is equal to the projectile velocity as the beam is stationary. Thus, in the back supported case, a lower projectile velocity compared to the free-standing case is required to generate the interfacial pressure required to cause failure by indirect tension. 
Effect of projectile geometry
The results presented above clearly show that tensile failure in a stretching string-like mode does not describe the failure mode of the Dyneema ® beams impacted by a rigid projectile. The failure mode has instead been argued to be indirect tension due to the compressive stresses generated by the impacting projectile. Another failure mode suggested by Cheeseman and Bogetti [5] was shear failure at the edges of the projectile. While the high speed images in Section 3 suggest that this is not the operative mode, the images are sufficiently blurred by the impact debris to leave some doubt. In this section, we provide further evidence to show that shear failure mode is not an operative in these experiments. Consider the plane strain quasi-static indentation of a backsupported isotropic elastic beam by a frictionless flat-bottomed rigid indenter of width w as shown in Fig. 17a . For an applied normal load P , the contact pressure distribution is given by [26] p p This inverse square root scaling of the nominal contact pressure at failure with the width of the indenter is thus expected to be a hallmark of the shear failure mechanism and we present measurements in this section to test this scaling. We emphasize here that the scaling (4.3) is applicable even when the edges of the projectile are not perfectly sharp since the asymptotic fields associated with this scaling hold at distances from the edge of the indenter on the order of the chamfer radius. This is analogous to the fact that singular crack tip fields adequately characterize the fields around blunt cracks (or notches) at distances away from the crack tip on the order of the crack tip radius [27] .
Quasi-static indentation
Heat-treated silver steel indenters were used to perform indentation tests similar to those described in Section 3.1. A summary of the measured nominal contact pressure p 0 versus the indenter displacement δ is plotted in Fig. 17b for three indenter widths in the range 3 1 2 4 mm mm ≤ ≤ w . . The p 0 − δ curves are similar to the P − δ relationship seen in Fig. 8 and comprise an initial elastic region with first ply failure setting the initial peak pressure at displacement δ c = 2 4 . mm. The subsequent saw-tooth response is due to discrete ply failure events. It is clear from Fig. 17b that the initial peak contact pressure is independent of the indenter width w . Moreover, to within the inherent variability of the subsequent failure events there is also no evidence of a dependence of the contact pressure on w . Recall that the analysis presented above suggests that the contact pressure at failure for the w = 3 mm indenter is expected to be about double that of the w = 12 4
. mm indenter. This is clearly not the case and thus these results suggest that ply failure under the indenter does not occur via a shear failure mechanism at the edges of the indenter but rather via the indirect tension mechanism consistent with the images in Fig. 9. 
Impact measurements
Projectiles of mass m p = 22 2
. g and geometry sketched in free-standing beams employed in Section 3. Three projectile widths w = 3 6
, and 12 mm were used in this study. The measured cutfraction f versus impact velocity v o is plotted in Fig. 18 for both the free-standing and back-supported beam cases. Similar to the results of Section 3, for any given v o , the cut fraction f is significantly larger in the back-supported case compared to the freestanding case with both V c and V p also lower in the back-supported case. However, the results show no dependence of the cut-fraction on the width w of the projectile to within the variability in the measurements. Thus, again similar to the quasi-static indentation there is no evidence that shear failure at the edges of the projectile is the operative penetration mode in these experiments.
Concluding discussion
Experimental observations of the deformation/failure processes of ultra-high molecular weight polyethylene (UHMWPE) fibre laminates impacted by nominally rigid projectiles are reported. The transient processes are visualised by performing two-dimensional (2D) experiments on beams and using high-speed photography to image immediately under the impact site. Two sets of experiments were conducted by firing the projectiles normally and centrally on back-supported and free-standing beams. In the first set, cuboidal projectiles of fixed cross-sectional area were employed with masses in the range 6.4 g to 22.2 g while in the second series the projectile mass was fixed at 22.2 g and the width of the projectile varied.
For projectiles of fixed geometry, the velocity at which first failure is observed and the velocity at which complete penetration occurs both decrease with increasing projectile mass for both the backsupported and free-standing cases. The high-speed photographs clearly show that in both cases, failure occurs in a progressive manner: Ply fracture initiates at the interface between the projectile and the beam and propagates to the rear of the beam. The failure process is similar to that in a quasi-static indentation test and attributed to tensile failure of the plies by an indirect tension mechanism wherein the transverse compressive stresses generate tensile stresses due to a mismatch in the properties between the alternating 0°and 90°plies. Tensile failure due to membrane stretching is ruled out as failure is shown to occur when the deflection of the beams is negligible and no ply failure occurs late in the deformation when the deflections are significant. Two key differences between the free-standing and back-supported cases are observed: (i) the cut fraction of the back-supported beams is higher compared to the free-standing beams at the same projectile impact velocity; and (ii) at high impact velocities, plies are observed to fail on the rear surface of the back-supported beams due to stress wave reflections from the rigid foundation while this mode is not observed in the free-standing beams.
In the second set of experiments, no observable dependence of the projectile width was observed in both the quasi-static indentation and dynamic penetration responses. This suggests that failure in these beams is not governed by the high stress concentrations at the edges of the projectile. This is also consistent with the observation that failure by the formation of shear plugs was never observed. Together, the observations reported here demonstrate that neither tensile failure by membrane stretching nor shear plugging is operative in these 2D beam experiments. Penetration and failure occur by tensile ply failure via the indirect tension mechanism. , and 12 mm.
